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Chapter 1: Literature Review
During embryogenesis, germ cells must migrate to and populate a distant location while maintaining their identity as germ cells. This highly regulated process allows the organism to carry out the most important of functions, to pass its genetic material on to the next generation. During embryogenesis, germ cells must undergo cytoskeletal rearrangements prior to the onset of active migration. They then must follow the many attractive and repulsive cues guiding them to the somatic gonad precursors. In addition, the germ cells undergo no more than two mitotic divisions before migration begins, and do not begin dividing again until larval stages (DESHPANDE et al. 1999 ).
An EMS-mutagenesis derived mutant (COFFMAN et al. 2002) , three spot (tspt), appears to have a defect in germ cell migration. During study of this mutant, a P-element line containing an insertion in the CG8142 gene was found also to have a tspt-like phenotype. CG8142 is a homolog of human Replication Factor C 2 37 kDa subunit (RFC2).
Replication Factor C subunits 2-5 are thought to have a role in control of cell cycle as well as DNA replication and repair (KRAUSE et al. 2001) . Here, I will review the basics of directed germ cell migration, as well as the suspension of mitosis in primordial germ cells. I will also draw connections between the roles of the Replication Factor C complex with cancer and metastasis in humans.
Germ Cell Migration in Drosophila melanogaster
After the formation and proliferation of the germ cells at the posterior pole, it is thought that the germ cells passively migrate with the epithelium until the onset of gastrulation (CALLAINI et al. 1995; CAMPOS-ORTEGA and HARTENSTEIN 1997; WARRIOR 1994) . It has been suggested that the activated Stat92E transcription factor is necessary for entry of the germ cells into the embryo prior to invagination of the posterior midgut, at stage 7 (LI et al. 2003) . Stat92E is a transcription factor involved in many processes including cell division, stem cell maintenance and immune response. There is also evidence that the germ cells have already become ameboid in shape at stage 6, when gastrulation is just beginning (JAGLARZ and HOWARD 1995) .
At stage 10, the germ cells are in the blind end of the midgut pocket and begin to actively migrate across the epithelium. Germ cells extend pseudopodia to contact the posterior midgut (PMG) and migrate through it. For the extension of pseuodopodia and filopodia, the germ cells require activation of the canonical Jak/Stat signaling pathway (UPD/Dome/Stat in Drosophila) (STEPHEN BROWN 2006) . The Jak/Stat pathway in Drosophila acts in a number of processes including hematopoiesis, immune response, and border cell migration. At this stage, the epithelial cells of the PMG also extend protrusions that contact the germ cells (JAGLARZ and HOWARD 1995) . The posterior midgut epithelium must undergo changes in the cell-to-cell connections during this stage to allow the germ cells passage. This is thought to be controlled by the somatic cells rather than by the germ cells.
The huckebein (hkb) gene encodes a transcription factor. huckebein mutants fail to form midgut epithelium. Germ cells are unable to cross the remaining epithelium in hkb mutants.
This has been shown to be a defect in the epithelium rather than the germ cells by cell transplantation experiments. In hkb mutants, germ cells are still able to migrate to the somatic gonad when transplanted into a wild-type host (JAGLARZ and HOWARD 1994) . Thus, somatic cells also play essential roles in the active migration of germ cells to the gonads.
A G-protein coupled receptor, Tre1, expressed in primordial germ cells during embryogenesis is required for germ cell migration across the midgut epithelium (KUNWAR et al. 2003) . tre1 null mutants exhibit restricted midgut passage until stage 13, when germ cells should already be associating with to the somatic gonad precursor cells. The scattershot (sctt) allele of tre1 is characterized by germ cells that appear to be able to cross the midgut epithelium, but not to migrate to the gonad. This allele demonstrates a role for tre1 in both migration and cell death (COFFMAN et al. 2002) . A zygotic copy of tre1 allows migration to occur normally, while ectopic germ cells do not undergo cell death (COFFMAN et al. 2002) .
One potential downstream component of Tre1 has been identified, Rho1, a small GTPase (KUNWAR et al. 2003) .
After germ cells have crossed the posterior midgut epithelium, they remain associated with the surface of the epithelium facing the dorsal side of the embryo. Wunen and Wunen2 have been shown to be a repulsive signal, pushing germ cells towards the ventral side of the PMG (STARZ-GAIANO et al. 2001; ZHANG et al. 1997) . The Wunen proteins are lipid phosphate phosphatases. They can dephosphorylate multiple lipid phosphates. It has been hypothesized that they actually create a gradient of phospholipids and that the germ cells migrate towards the region with the highest phospholipid levels. Wunen and Wunen 2 have also been shown to be sufficient for cell death and bi-lateral segregation of germ cells at the midline (SANO et al. 2005) .
After the germ cells have become appropriately positioned on the midgut, they begin migration into the lateral mesoderm, and ultimately, to the locations of the somatic gonad precursor cells. One of the attractive cues requires HMGCoA reductase, the first enzyme in the pathway to produce cholesterol. Drosophila are unable to synthesize their own cholesterols, but much of the pathway remains intact (SANTOS and LEHMANN 2004) .
HMGCoA Reductase has been shown to be both necessary and sufficient for germ cell migration ( VAN DOREN et al. 1998) . Two other cholesterol biosynthesis pathway components, Fpps (farnesyl pyrophosphate synthase) and Quemao (geranylgeranyl diphosphate synthase) have been shown to be necessary for germ cell migration to the gonads. When absent, germ cells migrate errantly (SANTOS and LEHMANN 2004) .
It has been hypothesized that one of the proteins required for germ cell migration away from the midgut is not directly active at the time of migration, but during the blastoderm stage. This protein, Slow as Molasses (Slam), is required for proper germ cell migration away from the midgut (STEIN et al. 2002) . Slam is not expressed at the stage when germ cells are moving away from the midgut, suggesting that Slam functions earlier to initiate later migratory events.
Another gene, hedgehog, when misexpressed, is sufficient for germ cells to migrate towards the origin of the signal (DESHPANDE et al. 2001) . hedgehog encodes a ligand for the Hedgehog pathway. The Hedgehog ligand acts as a morphogen. The gain of function hedgehog allele causes germ cell migration defects, and this effect can be exacerbated by a mutation in hmgcr (DESHPANDE and SCHEDL 2005) . Hedgehog is not known to be necessary for germ cell migration. By way of explanation for this, it has been suggested that the Hedgehog protein is part of a pathway among multiple redundant pathways for germ cell attraction (DESHPANDE and SCHEDL 2005) .
As the germ cells arrive in the lateral mesoderm, they become associated with the somatic gonad precursor cells. These cells lie in parasegments 10-12. Both E-cadherin and Fear of intimacy (FOI) are required for proper coalescence of germ cells in the gonad. Ecadherin is a trans-membrane protein associated with cell to cell adhesion. Fear of Intimacy is a transmembrane protein involved in zinc ion transport. Germ cells in FOI loss of function mutants maintain germ cell identity, but the gonads fail to coalesce properly ( . Aside from compaction of the gonads, it has been observed that there is a second step in gonadogensis, ensheathment of the germ cells by somatic gonad precursor cells. It has been shown that each of these processes requires E-cadherin (JENKINS et al. 2003) . After the germ cells and somatic gonad cells have coalesced, they remain dormant until the gonad begins developing in the larval stages (DESHPANDE et al. 1999) .
Germ Cell Cycle Regulation and Migration
During early Drosophila embryogenesis, the embryo has synchronous divisions of nuclei in a syncytium. This synchrony lasts until somatic cell cycle 9, when nuclei at the posterior pole bud off. The buds undergo two divisions during somatic cell cycles 9 and 10.
At the end of cycle 10, the pole buds cellularize. Pole cells are the first nuclei to do so in the embryo. Pole cells undergo up to two mitotic divisions before the beginning of gastrulation at stage 7 (CAMPOS-ORTEGA and HARTENSTEIN 1997; SU et al. 1998) . These divisions give rise to between 30 and 40 primordial germ cells (MORRIS 1941; SONNENBLICK 1941) . After these initial divisions, germ cells stop dividing after S phase, and remain quiescent in G2 phase from stage 6 or 7 until larval gonad growth begins (DESHPANDE et al. 1999) .
Part of the maintenance of quiescence in primordial germ cells is due to translational repression of cyclin B mRNA. The Cyclin B protein takes part in cell cycle regulation. This repression was shown to be due in part to the translational repressor Pumilio binding to cyclin B mRNA (ASAOKA-TAGUCHI et al. 1999) . Pumilio mutants enter premature mitosis (ASAOKA-TAGUCHI et al. 1999) . Germ cells in nanos mutants were also found to be unable to stop the cell cycle from progressing, and had very similar phenotypes, suggesting that Pumilio and Nanos were working in a complex to repress translation of cyclin B. Kadyrova et al. elucidated the binding regions that Nanos and Pumilio recognize to repress Cyclin B (KADYROVA et al. 2007) . In this study, they also found that a CCR-Pop2-NOT complex binds to Nanos and Pumilio, suggesting that this complex also plays a role in either translational repression or mRNA stability. It is important to note here that both Nanos and Pumilio mutants exhibit germ cell autonomous migration defects as well as premature mitosis. This is thought to be due germ cells not maintaining germ cell fate.
Invadolysin mutants provide an unexpected link between mitosis and migration. The l(3)IX-14 allele of invadolysin, a metalloprotease, was discovered because it causes a disruption of the formation of condensed chromosomes for mitosis (MCHUGH et al. 2004) . It was also noted that invadolysin localized to invadopodia of macrophage cells transformed with invadolysin. In addition to its chromosome condensation function, the IX-14 allele of invadolysin causes a defect in germ cell migration of Drosophila embryos (MCHUGH et al. 2004 ). The phenotype they see looks quite similar to scattershot embryos. As described in Chapter 2, scattershot genetically interacts with three spot.
Replication Factor C: Human Connections
A line with a P-element insertion in the CG8142 gene appears to have some role in germ cell migration or programmed cell death. It has a phenotype quite similar to tspt mutant embryos. Through sequence homology, CG8142 has been called DmRFC2, corresponding to the 37 kDa subunit of the RFC complex (KRAUSE et al. 2001) . It shares 53% identity with the human 37 kDa subunit. Replication Factor C was first identified by its ability to replicate DNA in the presence of Proliferating Cell Nuclear Antigen, and DNA polymerase (PODUST et al. 1992) .
Replication Factor C genes are interesting for two reasons. First, they have multiple functions in the cell beyond replication. The small subunits (RFC2-5) of the Replication Factor C complex are responsible for the multiple functions of RFC in the cell. By alternate binding, they are able to take part in cell cycle control, DNA damage recognition and repair, roles in mitosis, and recognition of other aberrant DNA structures, such as Holliday junctions during recombination. Second, they are implicated to interact with some of the common cancer causing genes, and are upregulated in some cancers (GOPESHWAR NARAYAN 2007; MARTINEZ et al. 2007) .
One example of Replication Factor C subunits and the multiple roles they play in the cell is their role in chromosome transmission fidelity. Replication Factor C subunits also can bind Ctf18p, Ctf8p, Dcc1P complex, which plays a role in chromosome transmission fidelity.
Again in this case, it is the p140 subunit of RFC that is replaced, this time by Ctf18p. It has been shown that in a human cell line, this complex can bind to Cohesin, a protein associated with cohesion of sister chromatids after DNA replication (BERMUDEZ et al. 2003b) .
Studies in eukaryotic cells show that the RFC subunits have many binding partners. A complex between the RFC 40 kDa subunit and the RIα subunit of Protein Kinase A, discovered in a yeast two-hybrid screen and confirmed by pull-down assays, promotes cell survival in breast cancer cell culture (GUPTE et al. 2005) . This association also causes increased proliferation of breast cancer cell cultures. It has been shown that RIα works by transporting another of the small RFC subunits, RFC4 40 kDa from the cytoplasm into the nucleus for replication (GUPTE et al. 2005) . The RIα subunit is overexpressed in a variety of cancer specimens, primary breast tumors, Wilm's tumors, and colorectal cancer (CHO-CHUNG 1990) .
Replication Factor C subunits have also been found to interact with the BRCA1 protein. Women carrying mutations in BRCA 1 are at a higher risk for breast and ovarian cancer than the normal population A recent study in Canada suggests that up to 90% of BRCA1 mutation carriers will get breast cancer by the age of 80 (RISCH et al. 2006) . This study also indicates that the risk varies depending on where in the gene the mutation resides.
A large complex called BASC (BRCA1-associated genome surveillance complex) has been identified that interacts with BRCA1 proteins in a cancer cell line. Immunoprecipitation and mass-spectrometry identified the following proteins in the complex; BRCA1, RFC p140, RFC p40, and RFC p37 (WANG et al. 2000) .
Human Rad17 has been found to be upregulated in non-small cell lung cancers and breast cancer (KATAOKA et al. 2001; SASAKI et al. 2001) . The four small RFC subunits have also been found to interact with the Rad17 protein in vitro. Rad 17 replaces the p140 subunit of RFC, this new complex functions in recognition of DNA damage. Nicked plasmids are bound by RFC-Rad17, and this complex also attracts the 9-1-1 complex (Rad9-Rad1-Hus1), which aids in the DNA damage checkpoint pathway (BERMUDEZ et al. 2003a ). Chapter 2: Mapping and characterization of three spot, a mutation that disrupts Drosophila germ cell migration
Abstract
During embryonic development, the somatic gonad precursors become populated by the primordial germ cells. While many genes have been identified, the highly regulated process of germ cell migration across the primordial midgut epithelium is not well characterized. Here, we describe three spot (tspt), a gene which interacts with tre1 during cross-epithelial migration. The tspt mutant was created in an EMS mutagenesis screen performed previously (COFFMAN et al. 2002) . Embryos from tspt mothers (referred to as tspt embryos in this paper) appear to exhibit restricted germ cell migration through the posterior midgut, resulting in a population of germ cells that remain associated with the endoderm through stage 16. We show that tspt is a maternally required migration gene, as well as a temperature sensitive mutant. The three spot mutation maps to the region distal to the 9B polytene band and proximal to the 15F polytene band. We have identified two deletion regions that fail to complement tspt. One of the regions maps to the same region defined by recombination mapping. P-element insertions for 19 genes in and around this region were tested for germ cell phenotypes. Surprisingly, three of the nineteen exhibited germ cell defects. The tre1 G-protein coupled receptor gene has been shown to be necessary for both programmed cell death and the migration of germ cells across the midgut (COFFMAN et al.
Introduction
From the first migrating neurons during embryogenesis, to the wound response migrations of white blood cells, cell migration is an ongoing and dynamic process throughout the lifespan of most organisms. Despite the careful control of such processes, errant migration does occur and can cause major complications in a developing or adult organism.
Migration of a single cancer cell, metastasis, is quite dangerous. While current cancer treatments can be effective at eliminating the primary tumor, the survival rate drops It has been shown that Tre1 is necessary for cross-epithelial migration (KUNWAR et al. 2003) . A partial loss of function allele of tre1 causes a migration phenotype as well as a germ cell death phenotype (COFFMAN et al. 2002) . Neither the ligand nor the downstream components of the Tre1 pathway have been reported. In order to see whether three spot was a potential component of this pathway, we tested for complementation with scattershot mutants. three spot and scattershot fail to complement, suggesting that they may in fact be part of the same pathway. 
Results and Discussion
three spot is a maternal effect mutation
Many genes required during embryogenesis are supplied maternally, so it was desired to test whether tspt also had a maternal requirement. This was tested by crossing homozygous mutant females with wild-type males. When crossing the homozygous tspt female with a tspt male, 78% of the embryos have defective migration across the midgut epithelium. When a homozygous tspt female is crossed to a wild-type male, 81% of the embryos display the defective migration phenotype. When a balancer is used to score only hemizygous tspt males in a similar cross, 50% of the males are mutant (Table 1 ). This data demonstrates that tspt is a maternal effect gene.
The tspt mutant is a temperature-sensitive allele
It was noted that the penetrance in tspt mutants was variable. To gain insight on experimental parameters that influenced the phenotype, we investigated the effects of age and temperature. For these experiments, adults were kept at 24° C. When embryos from six day old mothers were incubated at 21° C, the embryos are only 63% mutant, but when raised at 25° C, the penetrance increased to 78%. Another interesting characteristic of this temperature sensitivity is the variation of penetrance according to the age of the mothers. At 25° C, the age of the mother does not affect penetrance, it fluctuates but no trend was evident. When the embryos are raised at 21° C, the age of the mother had an impact on the penetrance, increasing from 48% at two days old to 73% at six days old ( Table 2 ). The tspt mutant is highly penetrant at 25° C, but raising the embryos at a lower temperature can rescue the mutant phenotype. This temperature 'rescue' loses its effect as the mother ages.
Genetic interaction of the three spot and scattershot alleles tre1 and tspt mutant embryos each have a reduction in cross-epithelial germ cell migration. One of the tre1 alleles, ΔEP5, is characterized by an inability for germ cells to cross the midgut (KUNWAR et al. 2003) . To test for an interaction between tre1 and tspt, a complementation experiment was done. Because tre1 is a maternally supplied gene product (COFFMAN et al. 2002) , trans-heterozygous mothers were used to test for embryonic germ cell phenotypes. Embryos from a sctt,+/+,tspt female when crossed to a sctt male fail to complement and exhibit a similar phenotype to tspt mutant embryos, with 94% penetrance (Table 3) . This phenotype can also be 'rescued' by lowering the incubation temperature, similar to tspt/tspt embryos. To address the concern that tspt is a new allele of tre1, the tre1 gene in tspt mutants is being sequenced. Preliminary sequencing data indicates that there are no base pair changes in the coding region of the tre1 gene in tspt mutants. Non-allelic noncomplementation can be an indicator of genetic interactions. This data suggests that the tre1 gene and the tspt gene are involved in the same or converging pathway.
Mapping the three spot locus
Removal of associated lethality
The chromosome containing tspt-resulting from the EMS mutagenesis screen also contained a second aberration(s) that caused lethality. In order to efficiently work with this line, removal of the second site mutation was necessary. Recombination using the marked chromosome, w 
Mapping using single nucleotide polymorphisms
To further refine the location of the recombination events that occurred in this line, single nucleotide polymorphisms were analyzed. Initially, five were chosen using previous SNP identification as a guide (HOSKINS et al. 2001) . These equally divided the Xchromosome. Of the five tested regions, two contained polymorphisms between our mapping strain and our mutant strain, these were dm1980 and dm3790. Testing these on the recombinant chromosome (described above) resulted in a more comprehensive idea of where the recombination events occurred. Two more locations near 9B were searched for presence of SNPs, but were identical in the mapping and mutant strains. In the recombinant tspt chromosome, dm3790 (band 15B) and dm1980 (band 9B) were both of the map variant, indicating that tspt is not in the region between 9B and 15B. Taken together with the recombination data, tspt is either between bands 1A and 9B or between bands 15F and 20F
( Figure 3 ).
Deletion complementation tests
In order to locate the tspt gene, complementation tests were done using available Xchromosome deletions. Each deletion was placed in trans to the tspt mutant. If the deletion failed to complement tspt it was considered a region of interest likely to contain the gene that is mutated in tspt flies or a non-allelic non-complementing region. If there were greater than 70% mutant progeny, the deletion was scored as a non-complementing region. Twenty-six of these deletions were tested ( Figure 3 , Table 4 ). Of those, two deletions failed to complement tspt. They are v-L15 (9B1-10A2), and RR79 (16C-16F). The v-L15 deletion is within the region 9B1-15F7. This region does not contain the tspt mutation, as established by recombination and SNP mapping. Non-complementation of this region
indicates the presence of a non-allelic non-complementing gene or a second mutation that disrupts tspt function. Our working hypotheses are that tspt is within the region deleted by RR79 and that another non-complementing gene is located within the v-L15 region.
P-element insertion screen of the RR79 region
Since the RR79 deletion uncovered the phenotype in the portion of the recombinant chromosome that disrupts tspt function, we focused our investigation on this area. The 16C-16F region breakpoints were previously determined by mapping using polytene chromosomes (RASHEVA and RASMUSON-LESTANDER 2000) . PCR breakpoint mapping was used to further refine the breakpoints of the RR79 deletion. The breakpoints were determined to fall between 17585969 and 17759619. The deletion RR79 includes 21 entire genes plus the 5' end of CG32556 and the 3' end of mnb (Table 3) .
To screen these genes for a tspt candidate, available P-element insertions in the 23 genes from the Bloomington and the Harvard/Exelixis stock centers were tested for phenotypes. P-element stocks were available for only eight of the 23 genes. All available lines were tested, as well as eleven of the RR79 flanking genes (Table 4) . Each line was scored for germ cell mutant phenotypes. If the P-element insertion was kept as a heterozygous stock, greater than 25% mutant was considered to be a tspt gene candidate. If the p-element insertion was homozygous viable, greater than 50% mutant was considered to be a tspt gene candidate.
One of the P-element insertion lines tested exhibited a mutant phenotype. A P-element insertion into the first intron of the CG8142 gene, e04583, causes a tspt-like phenotype with a penetrance of 38% (Figure 1 ). This mutant is lethal on the X-chromosome. To test whether the e04583 P-element is likely to disrupt the tspt gene we used the complementation test. tspt/e04583 virgin females were crossed with tspt/Y males and embryos from this cross scored. Unfortunately, the P-element line complements tspt. 48% of the embryos exhibit a germ cell defect (N=149).
In addition, sequencing of CG8142 in tspt flies shows no base pair changes that disrupt wild-type protein sequence (Figure 4) . Therefore, the e04583 P-element in CG8142 may not be the cause of the germ cell migration phenotype. Rather there may be another mutation on this chromosome giving the tspt phenotype. Others have reported that these P-element lines often contain additional mutations (LIEBL et al. 2006) . Alternatively, the e04583 insertion may be the causative mutation. This question can be addressed by mobilizing the e04583
transposon to determine if perfect excision restores normal germ cell development.
Materials and Methods
Recombination/SNP mapping of three spot
Recombination was done by generating a heterozygous female with the marked w were analyzed to gain more insight on this recombinant. Potential SNP-containing locations were chosen among previously identified SNPs (HOSKINS et al. 2001) . SNPs were identified in the mapping line and the mutant line by first amplifying 600-700 bp regions. Restriction enzyme recognition and/or sequencing of the region were used to determine whether there was a polymorphism between the two strains. Presence of the SNPs was determined in the recombinant viable stock, and analyzed by restriction digests and sequencing. For deletion mapping, Df(1)/tspt mothers were crossed to tspt males. Embryos were incubated at 21° C, and scored for presence of germ cell phenotypes.
Germ cell visualization
Germ cells were either visualized using the fat-facets-lacZ reporter (FISCHER-VIZE et al. 1992) ) or with the anti-Vasa antibody (a gift from K. Howard). Embryos for X-gal staining were washed off of apple juice agar collection caps into a mesh staining tray with PBST (0.3 M NaCl, 5.5 mM KCl, 10 M Na 2 HPO 4 , 1.8 M KH 2 PO 4 , 0.3% Triton X100, pH 7.2). To dechorionate, embryos were placed in 50% bleach for four minutes. The embryos were then washed twice in PBST before incubating in heptane saturated with 2.5% gluteraldehyde for ten minutes to fix, followed by an overnight wash in PBST. The embryos were stained with 0.2% X-gal for 1-4 hours at 37° C (HOLMES et al. 1998) . Antibody labeling of germ cells was done on embryos using 1/10,000 chicken anti-Vasa primary antibody (a gift from K.
Howard). The anti-chicken secondary antibody is from Vector Labs. Embryos were fixed in 4% paraformaldehyde for 20 minutes, devitellinized, and re-hydrated in PBST. They were treated in blocking buffer with normal goat serum for 30 minutes before incubation with the primary antibody, washed in PBST, and incubated in the secondary antibody for 4 hours.
The embryos were washed in PBS (0.3 M NaCl, 14 mM Na 2 HPO 4 , 6 mM NaH 2 PO 4 , pH 7.3), and then incubated for 30 minutes in Vector Lab's ABC kit. Visualization was done using diaminobenzidine as the substrate for peroxidase. (JOHANSEN and JOHANSEN 2004 ).
Germ Cell Counts and images
Overnight collections of embryos were labeled by Vasa antibody staining. Embryos were staged using The Embryonic Development of Drosophila melanogaster (CAMPOS-ORTEGA and HARTENSTEIN 1997). Counts were done by focusing through the embryo at stages 6 and 15.
Deletion Breakpoint mapping
Deletion breakpoints of the Df(1)RR79 deletion region were located using PCR amplification. Embryos were collected from a Df(1)RR79/FM7c, Kruppel-GFP stock, and viewed under a microscope to select against GFP-expressing embryos. Individual embryos that did not express GFP (Df(1)RR79/Y) were used for PCR. Each individual Df(1)RR79/Y male embryo was used for two concurrent PCR reactions, one to amplify regions flanking the polytene mapped breakpoints, and one to amplify the GFP transgene, to be certain of the genotype of the embryo. Primers for GFP and 600-700 base pair regions flanking the previously mapped breakpoints (RASHEVA and RASMUSON-LESTANDER 2000) were used for each embryo. If GFP was not amplified, the embryo was used to determine if the deletion-flanking region was present. Primers were tested for efficacy by their ability to amplify the region in a heterozygous Kruppel-GFP embryo, as a positive control.
Stocks
The tspt mutant stock was created using EMS mutagenesis (COFFMAN et al. 2002) . All other stocks were obtained from either the Bloomington Stock Center or the Exelixis/Harvard Stock Center. Table 6 . Alleles tested in RR79 deletion. Each stock was stained using anti-Vasa antibody, and scored for germ cell migration defects. The e04583 P-element insertion in intron 1 of CG8142 causes a defect. A few interesting candidates in the non-allelic non-complementing deletion (v-L15) were tested but showed no phenotype. Interestingly, two missense mutations in the gene Shaker exhibit germ cells in the mesoderm ectopic to the gonads. The hopscotch alleles that were tested had already been shown to have defective germ cell migration (STEPHEN BROWN 2006) . However, the deletion containing this gene complements tspt. Table 7 . Genes deleted in the v-L15 region. The v-L15 deletion fails to complement tspt mutants. Array and in situ data is from the BDGP gene expression project (TOMANCAK et al. 2002) . Predicted function and reported phenotypes are reported on Flybase (CROSBY et al. 2007) . Table 7 . Continued. Genes deleted in the v-L15 region.
Chapter 3: Discussion and Future Directions
What is the nature of the three spot interaction with scattershot?
Because there are interactions between tspt and the v-L15 and RR79 deletions, it can be predicted that there is a gene within these aberrations that also interacts with the sctt mutation. To test this, complementation tests should be done with sctt and each deletion.
The v-L15 region complements sctt (Coffman unpublished data), but the RR79 deletion has never been tested. If sctt fails to complement RR79, it is likely due to an interaction between a gene in the RR79 region and sctt.
It has been shown that sctt takes part in two germ cell migration functions; pathfinding to the gonad, and programmed cell death of ectopic germ cells. These two functions can be uncoupled by paternal rescue. A zygotically supplied wild-type copy of tre1 rescues the germ cell migration defect, while the germ cell death defect is not rescued (COFFMAN et al. 2002) . To test whether tspt interacts with the cell death or the migration function of sctt mutants, paternal rescue of the migration defect can be attempted with tspt males. If tspt males are able to rescue the germ cell migration phenotype, they may be interacting with the cell death pathway. If tspt males are not able to rescue the germ cell migration phenotype, one conclusion is that tspt and sctt may be a part of a common germ cell migration pathway.
Two deletions fail to complement three spot
To map the region containing tspt, recombination mapping was followed by complementation tests using available deletion stocks. This led us to the RR79 deletion and the v-L15 deletion that are in different regions of the chromosome. Both fail to complement tspt. The RR79 deletion is in the region determined to contain tspt by recombination and SNP mapping, but the v-L15 region falls outside of the likely tspt region. Our region of focus was the RR79 region, the breakpoints were mapped, and the available P-element insertions and mutants were tested for phenotypes.
The RR79 region fails to complement three spot
The RR79 deletion spans 21 entire genes plus the 5' end of CG32556 and the 3' end of mnb. To find candidates for tspt among these genes, expression profiles were studied (TOMANCAK et al. 2002) as well as annotation of the gene on Flybase (CROSBY et al. 2007 ).
This resulted in gene candidates for tspt. Maternal enrichment of RNA during early stages increases confidence that the gene is tspt because we demonstrated a maternal component to the gene. Par-6 has been shown to act in a complex to maintain cell polarity, and has been shown to be involved in border cell migration (PINHEIRO and MONTELL 2004) . CG7846 is predicted to be a structural constituent of the cytoskeleton, and has maternally supplied mRNA. The cytoskeleton must rearrange for active migration. CG32560 is a putative Ras
GTPase activator, Ras GTPases are a part of signalling cascades, the ultimate outcome of them being transcription. Perhaps a Ras GTPase activator initiates transcription of a gene needed for cytoskeletal rearrangements. e(y)1 has been identified by sequence similarity as a transcription factor (AOYAGI and WASSARMAN 2000) , and the expression profile shows a low maternal effect. Finally, CG8142 is predicted to be a Replication Factor C homolog, a DNA replication, repair and recombination gene with maternal mRNA expression, followed by expression in the primordial midgut, gonad, and nerve cord.
CG8142: A homolog of Replication Factor C One P-element insertion was available in the CG8142 gene, e04583 (THIBAULT et al. 2004) . CG8142 is a homolog of the human Replication Factor C 37 kDa subunit. The phenotype of embryos with this insertion is strikingly similar to tspt embryos. As mentioned in Chapter 2, e04583 complements tspt, suggesting that tspt is not a mutation in CG8142.
Sequencing of CG8142 in tspt mutants revealed no base pair changes that cause an amino acid change. To address the concern of whether the phenotype is caused by the P-element, e04583, or a second aberration(s) on the chromosome, precise excision of the P-element is being performed. A precisely excised P-element should rescue germ cell migration to normal if the P-element was the cause of the disruption. If it does not rescue germ cell migration, then the phenotype is the result of another aberration(s). In analyzing these results, we must check if an imprecise excision event occurs, as this could potentially cause a germ cell migration phenotype due to disruption of the gene coding region. This event could potentially create a useful new CG8142 allele. If the P-element hopout fails to rescue the germ cell phenotype, we will want to test the newly created chromosome against each of the deletions that fail to complement tspt.
If CG8142 P-element is the cause of misguided cell migration, it is possible that intragenic complementation is occurring. If the EMS mutation is in an enhancer element, it could rescue the mutation caused by the P-element disruption (HAWLEY and GILLILAND 2006) . CG8142 has been phylogenetically identified as a Replication Factor C 2 (DmRFC2) homolog in Drosophila (KRAUSE et al. 2001) . There are four small RFC subunits and one large RFC subunit, which work in a complex to load Proliferating Cell Nuclear Antigen onto primed DNA for replication. The four small RFCs (2-4) are also known to take part in cell cycle control (KRAUSE et al. 2001) . They are part of the earliest recognition of DNA damage for cell cycle arrest. It has been shown that another cell-cycle regulation protein,
Invadolysin, also has a role in migration of primordial germ cells (MCHUGH et al. 2004) . It is possible that CG8142 is taking part in cell cycle control and migration of primordial germ cells.
par-6: A role in migration
Another gene of particular interest is par-6. It is active in a complex with Par-3 and Atypical Protein Kinase C in mammalian and Drosophila epithelial cells to create cell polarity and form tight junctions (SUZUKI and OHNO 2006) . The Par-6 complex has also been shown to act in migrating border cells in the Drosophila ovary (PINHEIRO and MONTELL 2004) . During migration across the midgut epithelium, tight junctions may play a role in enabling the primordial germ cells to cross. Tight junctions are characterized by the Par-6, Par-3, and aPKC proteins in epithelial cell lines (EBNET et al. 2000; ITOH et al. 2001) . Also, the germ cells must change from their compact spheroid morphology to an amoeboid morphology, at stage 11, and they begin to extend processes during the switch from passive to active migration (JAGLARZ and HOWARD 1995) .
Is the tspt gene playing a role in the morphological changes in the tight junctions of the midgut epithelium, or playing a role in the morphological changes that occur in the germ cells during this time? To test par-6 function in the developing embryo, previously created mutant stocks can be screened for germ cell defects. To test whether par-6 is required in tspt mutants, complementation tests can be done using available par-6 mutants.
An initial test with par-6 has been done. The only available P-element insertion in par-6, f05334, is in the second exon. However, this stock has no germ cell migration phenotype.
Two other par-6 alleles have been shown to have border cell migration defects (PINHEIRO and MONTELL 2004) . These are par Δ226 , which was created by imprecise excision of a Pelement and acts as a loss of function allele (PETRONCZKI and KNOBLICH 2001) , and a UASpar-6 RNAi insertion (PINHEIRO and MONTELL 2004) . We can test for germ cell migration defects resulting from knockdown of par-6 using the germ cell specific nanos-Gal4 driver P[GAL4::VP16-nos.UTR]MVD1 and/or the midgut driver P[drm-GAL4.7.1] to test for necessity of par-6 in germ cell migration across the posterior midgut.
Testing other genes of interest in RR79 deletion
For testing of the three other genes in the RR79 deletion, I propose using RNA interference. This can be done one of two ways, using direct injection of dsRNA into the embryo before cellularization, or by using one of the RNAi vectors, which produce a hairpin structure of RNA that is able to be recognized by Dicer for processing into siRNAs (HAMMOND et al. 2001 ).
There are some drawbacks to direct injection into embryos. Preliminary work with injection of buffer only into chorion intact embryos indicates that the typical injection into the posterior pole causes the pole plasm to be distributed through the posterior portion of the embryo, resulting in the embryos having germ cell defects by stage 15. Injection of buffer into the side of the embryo 1/5 of the embryo length from the posterior pole also resulted in germ cell defective embryos by stage 15. Anterior injections may have lower defect rates, but the injection is difficult with chorion intact because the dorsal appendages interfere with the injection needle.
Other labs have done large-scale dsRNA injection screens for embryonic phenotypes (IVANOV et al. 2004; KIM et al. 2004) . These screens were successfully performed using chorionated and dechorionated embryos. I suggest that we alter the technique and use dechorionated embryos, with anterior injections to avoid altering location of the pole plasm in the embryo. Also, it is very important to control the quantity of dsRNA introduced into the embryo, too much can cause aborted development, and too little will not knock down gene expression. We can control this by using an apparatus that injects precise volumes of dsRNA.
Confirmation of the RR79 deletion
To confirm that it is a gene in the RR79 deletion that fails to complement tspt and not some other aberration on this X-chromosome, other deletions covering the same region could be tested for complementation. However, the deletion coverage of this region is poor. Two flanking deletions, BK10 and N19 have each been tested and each complement tspt. There is no overlap predicted between these two deletions and the RR79 region. If we would like to have more deletions that cover that region, we will need to create them ourselves. Directed creation of deletions between P-elements using the FLP/FRT system from yeast has been demonstrated in Drosophila (GOLIC and GOLIC 1996) . Many of the Exelixis P-element insertions contain a FRT site that has successfully been used for directed creation of deletions (PARKS et al. 2004; THIBAULT et al. 2004) . Alternatively, further recombination mapping will lend more insight into the region containing three spot.
The v-L15 region fails to complement three spot
Three deletions were tested in the bands 9A-9F. Two complement tspt, C52 and
In ( arrestin-like domain. The two available P-element insertions in this gene were BG02834 and d02181, both of which are upstream of CG32683. Neither P-element produced a phenotype (Table 4) . If we wish to continue study of this arrestin-like gene, it must be studied using other means, such as RNAi as suggested above.
Sprint: Par-6 binding partner
One of the genes deleted in RR79 is par-6, which has been shown to be necessary for normal border cell migration in Drosophila ovary. Loss of par-6 causes delayed migration (PINHEIRO and MONTELL 2004) . In a yeast-two hybrid screen, Par-6 and Sprint (a Rin1 homolog) each bind to a Rho GTPase, Rac1A (FORMSTECHER et al. 2005) . Also, Rin has been shown to bind to the PDZ domain of Par-6 in NIH3T3 cells (HOSHINO et al. 2005 ).
Because sprint is in the v-L15 region, it is possible that these two genes may be the interacting genes in the non-allelic non-complementation region.
I hypothesize that Sprint and Par-6 regulate germ cell migration together, by action in tight junctions of primordial midgut cells or by action in the motility of germ cells. In addition to the par-6 allele tested, one sprint intronic P-element insertion was tested and failed to give a phenotype (Table 4) . Other available sprint alleles are spri EP1487 and spri d04672 .
The d04672 allele appears to be in an intron, so it is not likely to cause a disruption in sprint.
The EP1487 allele can induce overexpression of sprint when driven by Gal4.
Knockdown of Rin1 causes increased motility in mouse mammary epithelial cells, suggesting that Rin is a cell migration inhibitor (HU et al. 2005 ). In situ analysis shows expression of one of the sprint isoforms in the posterior midgut epithelium through stage 10, which is when the PGCs cross the midgut epithelium (SZABO et al. 2001) . Whether overexpression of sprint affects germ cells remains to be seen. If Sprint acts as a germ cell migration inhibitor, we can expect overexpression in germ cells using the nanos-Gal4 driver P[GAL4::VP16-nos.UTR] or the posterior midgut driver P[drm-GAL4.7.1] to cause slowed or no migration to the somatic gonad precursors.
Are genes in v-L15 required for midgut morphogenesis?
Travel through the midgut epithelium is an important step in the migration of germ cells. In addition to the changes that the germ cells undergo, the midgut epithelium also undergoes morphological changes. The hkb gene has previously been reported to play a role in determination of the posterior midgut primordium. hkb mutants have has also been shown to have a germ cell migration defect. Germ cells remain trapped in the midgut (WARRIOR 1994) . There is evidence that the v-L15 deletion causes incomplete constriction formation during midgut morphogenesis (BILDER and SCOTT 1995) . This defect is not very well defined, but we must rule out the possibility that this midgut defect also causes a defect in or lack of the PMG, causing germ cells to be unable to migrate through it. To test this, we can test Df(1)v-L15 hemizygous male embryos for midgut phenotypes and germ cell migration phenotypes. If there is a midgut defect, the expectation is that germ cells will not be able to cross the PMG like a wild-type embryo.
Other alleles that cause germ cell defects Shaker and germ cell death
Some of the genes flanking RR79 were tested prior to completion of the deletion breakpoing mapping. Two mutations in the Shaker gene were tested. Sh 5 and Sh 14 are in the same allelic series and both are missense mutations in the membrane spanning region (LICHTINGHAGEN et al. 1990) . Shaker mutants were initially characterized by leg shaking after ether treatment (TROUT and KAPLAN 1970; TROUT and KAPLAN 1973) . The protein encoded by Shaker is a voltage-gated potassium ion membrane transport protein that acts in the nervous system. Artificial blocking of the sodium/potassium ion pump has been shown to activate cell death pathways in human neuroblastoma cells in vitro (KULIKOV et al. 2007) .
Is Shaker playing a role in germ cell death? Sh 5 and Sh 14 mutants appear to contain two fully formed gonads, with ectopic cells persisting in the mesoderm. This phenotype suggests that primordial germ cells of Shaker mutants are able to appropriately migrate to the gonads, but that there is a cell death defect in the ectopic germ cells. The Sh 5 mutant is thought to act genetically as a gain of function mutant in neurons due to a difference in sensitivity to action potentials (SALKOFF 1983) . If it is acting in the germ cells, there should be no action potential for Shaker protein to respond to. In this case, it may be acting as a loss of function allele. A loss of function allele of Shaker is more consistent with the emerging data that potassium ion efflux takes part in apoptotic pathways (BURG et al. 2006) .
It has been shown that the cell death pathway proteins Reaper and Grim are similar in structure to the domain that inactivates Shaker ion channels, and that they are capable of inactivating K+ channels in Xenopus laevis oocytes (AVDONIN et al. 1998) . Based on the connection between these three proteins and the germ cell death phenotype seen in Shaker mutants, I hypothesize that the Shaker K+ channel is autonomously necessary for germ cell death. If Shaker is necessary for germ cell death, it must be expressed in the germ cells between stages 10 and 13, when most germ cell death occurs in wild type embryos.
Antibodies against Shaker are readily available, so we can test the expression pattern in embryos. To confirm Shaker's role in germ cell death, other loss of function mutants must be tested for similar phenotypes. It has been shown that germ cells fail to undergo programmed cell death in p53 mutants (YAMADA et al. 2007) . Based on the proposed pathway, a gain of function shaker allele could partially rescue germ cell death in p53 embryos. Alternatively, shaker mutants could have Shaker misexpressed in the germ cells.
To rule this out both wild-type and mutant germ cells should be stained with the Shaker antibody. If there is no expression of Shaker in wild-type embryos, but there is expression in shaker mutants, the Shaker protein is being misexpressed in germ cells. If there is Shaker expression in both wild-type and shaker mutants, it is unlikely to be caused by misexpression.
CG7192
A line with a P-element in CG7192, e04401, also has a germ cell migration or death phenotype. CG7192 encodes an unknown gene product. It is not homologous to any known proteins, nor does it have any conserved domains. To confirm that this gene is involved in germ cell migration and cell death, more insertion alleles of the gene should be tested. There are three other P-element insertions in the gene region: f01430, CB-6851-3, and NP7208.
Inverse PCR must be used to confirm the location of the P-element giving a phenotype, and precise excision should be able to rescue the phenotype. Imprecise excision of the e04401 insert may also create another allele of CG7192 for study. In order to further investigate the function of CG7192 in germ cell migration and cell death, it is necessary to determine where it is being expressed in the developing embryo. Co-localization of CG7192 mRNA with other known germ cell determinants or with other germ cell migration genes will strongly suggest that CG7192 is a part of the germ cell pathway.
